The quest for cheap, low density and high performance materials in the design of aircraft and rotorcraft engine fan and propeller blades poses immense challenges to the materials and structural design engineers. Traditionally, these components have been fabricated using expensive materids such as light weight titanium alloys, polymeric composite materials and carbon-carbon composites. The present study investigates the use of P sandwich foam fan blade made up of solid face sheets and a metal foam core. The face sheets and the metal foam core material were an reroapace grade precipitation hardened 17-4 PH stainless steel with high strength and high toughness. The stiffness of the sandwich structure is increased by separating the two face sheets by a foam core. The resulting structure possesses a high stiffness while being lighter than a similar solid construction. Since the face sheets carry the applied bending loads, the sandwich architecture is a viable engineering concept. The material properties of 174 PH metal foam are reviewed briefly to describe the characteristics of the sandwich structure for a fan blade application. A vibration andysis for natural frequencies and P detailed stress analysis on the 17-4 PH sandwich foam blade design for different cornhinations of skin thickness and core volume %re presented with a comparison to a solid titanium blade.
L Tntroduction
WDITIONAL designs of aircraft and rotorcraft engine fan and propeller blades have been fabricated with light T weight titanium alloys, polymeric composite materials and carbon-carbon composites. For example, General Electric's current generation GE90 fan blades consist of polymer matrix composites reinforced by metal on the edges for improved resistance to foreign object damage and wear '. Performance improvement and weight reduction have also been achieved by employing advanced design techniques. For many years, fan blades for aero-engines with high bypass ratios have been made from solid titanium alloys, which were designed with dampening snubbas at the mid span for vibration control. However, snubbers reduced aerodynamic efficiency, resulting in increased fuel consumption. Advanced designs have eliminated the snubber for greater aerodynamic efficiency and increased the blade chord length for greater mechanical stability. These design concepts reduced the number of biades by about one third and reduced the weight by employing a hollow construction. Typically. the hollow design has a low density core made of a honeycomb OT corrugated materiaj2. For example, honeycomb I-beam structures3 and lightweight sound-absorbing honeycomb launch vehicle shuctures4 have been proposed in the past. The core is an integral part of the structure which shares the centrifugal load, thus the panel-to-panel and core-to-panel joints must withstand foreign object impact and high cycle fatigue.
Despite their proven history, current fan blade materials and designs suffer from high manufacturing costs, which add to the overall cost of the aircraft and rotorcraft. This high engine cost is especially limiting in t e r n of reduced aircraR sales in developing economies with limited financial resources. Recent advances in foam theory and manufacturing techniques have created a renewed interest in the application of metallic foams in the fabrication of engineering components Tcl*. Foams, which fall under the general category of cellular materials, provide several advantages to the aerospace designer due to their diverse multifunctional characteristics and uses. In particular, metallic foams possess low density, energy absorption capabilities and vibration dampening, which make them especially attractive for designing fan blades out of cheap and common materials, such as high strength and high toughness precipitation hardened (PH) stainless steels.
The present research was conceived under NASA's ULTRASAFE Project as a way of demonstrating the feasibility of designing and fabricating fan and propeller blades using a well known aerospace grade stainless steel, Figure 2 shows the ratio of the equivalent flexural rigidity defined as the ratio of (EI) for the 17-4 PH sandwiched construction to (El) for a solid Ti-hAl-4V material, where E is the young modulus and I is tfie equivalent moment of inertia of the rectangular cross section. The equivalent (El) ratio is plotted as a function of face sheet thichess, for an overall rectangular plate 160.0 mm long, 82.6 mm wide and 5.1 mm thick simulating an idealized experimental small scaie fan blade geometry used at NASA Glenn Research Center for noise reduction studies. Since the total plate thickness is assumed constant and equal to 5.1 mm, the core thickness of the 17-4 PH sandwich plate decreases with increasing face sheet thickness by (5.1 mm -2 t), where E is the face sheet thickness in mm. where E, is the modulus of the solid material and (pJps) is the foam relative density @e. ratio of foam density to the solid material density). The foam relative density values considered here ranges from 6% to 24% relative density. The flexural rigidity of the sandwich 17-4 PH structure exceeds that of the solid Ti-6Al-4V plate for a face sheet thickness greater than 0.6 mm. The maximum flexural rigidity rea high as 1.72 times the Ti-6A14V for a hce sheet thickness greater than 2.0 mm. Furthermore, the equiv rigidity ratio is independent of the foam relative density. e ratio of the sandwiched con on weight to the weight However, the critical sheet thickness decreases to 1.2 mm ratio and the weight ratio plotted suggest that .6 mm to 1.4 mm for an overall 5.1 mm foam density (24%) the optimum range ally a feasible and competitive But for a complete assessment of metal foam core, other criteria need to be considered such as core failure, face WrinMing and face sheet debonding, to name a few5. Therefore, an experimental program was initiated to produce several 17-4 PH stainless steel sandwich foam panels.
II. Flexural Rigidity Design Criterion

Relative
III. Mechanical Properties Measurement of Sandwich Foam Panels
An mitial batch of 17-4 PH sandwich panel with a metal foam c fiom PORVAIR Inc.", Hendersonville, NC for microstructural and mechanical property determination. The foam cores were produced by a proprietary powder metallurgy technique and the face sheets were brazed to the foam with a BNi-6 type brazing alloy. The foam cores had a relative foam density of 6.0% with about 3 pores per mm (80 pores per inch). It should be noted that these manufacturing conditions are a starting point and do not present an optimized state. In optimization is a portion of experimental study, which is not covered in this paper. Typically, the thick, respectively. AS &own in Fig. 2 els were examined by ultrasonic spectroscopy and ultrasonic c-scans in of the face sheets with the foam coresL3. Initial non-destructive and microstructural observations revealed that the foam ligaments contained a large percent of porosity and the bonding idth of the sandwich panels were not consistent showing regions bond. Figure 3 -a) reveals the general microstructure of the foam e of the ligaments. As seen in Fig. 3-b) , the larger triangulated v from the plastic pre-form used to create the foam, and the smaller pores are due to poor sintering of the metal powder.
Specimens were also machined out of this initial batch of plates to determine the mechanical properties of the foam material. The experimental compressive stressare shown in Fig. 4 . The specimens were periodically unloaded to get values for the unloading modulus as a fkction of stram. Also shown in the figure is a theoretical stressstrain curve for a defect-free foam structure. The stress-strain curves depict the three classical deformation regions characteristic of a cellular material5. The first stage, which is the linear elastic region, is followed by a second stage ehiiting a plateau region, known as the plastic collapse region, and finally by a third stage hown as the 2) by about an order of magnitude. This lower poor interfacial bonding between the face sh well-bonded specimens, where hilure the measured compressive plastic collapse value of 3 MPa compressive plastic collapse value of 5 MPa. The p mechanical properties and the theoretical prediction can observed in the cell ligaments, as seen in Fig. 3-b) . In process optimization study has been initiated with PORVAIR, Inc. to minimize the porosity in the cell ligaments and the face sheets to the foam core. The analysis discussed in the next sections assume the foam core material with the anticipation that the process optimization study will were performed on the sandwiched foam panels and gave an exp een the theoretical and experimental data. Research Center in noise reduction studied4, were determined assuming three &%iim&L7-4-PH*Wtions: a solid, a hollow, and a sandwiched structure. .These results were then cokared blade of identical geometry sions. The finite cies using the proven Lanczo to extract the first
W . Vibration Analysis
The modal shapes o t five natural fiequencies for the idealized blade configuration shown in Fig. 5 -b (i.e., a flat plate) are sho . 6 . The first and the third modes are the bending modes along the weak axis. The second and fifth modes are for twisting, and the fourth m variation of the natural fiequencies with foam core thickness is shown in variable foam core thickness and a 1.4 mm constant face sheet thickness. The relative density of the 17-4 PH foam core was assumed to be 6.0%. in Fig. 7 , the first corresponding to the first bending, fkst torsion and second bending modes, respectively, increase steadily with increasing the core thickness fiom 0 (i.e. solid plate) to 25.4 mm, which corresponds to a 600% increase in the fresuency with a increase in weight 1463HZ, the third mode increases from 573 Hz to 1824 Hz. The fourth mode, corresponding to the stiff bending mode, increases initially to reach a peak frequency of 2083 Hz at a core thickness of 7.6 mm and then declines steadily to 1900 Hi thereafter. Hence, the designer can easily increase the natural frequencies by just 6 American Institute of Aeronautics and Astronautics increasing the light weight core thickness. Although this is beneficial for both ease of manufacturing the sandwich foam panels as well as for increasing the resonant vibration frequencies, the increase in overall thickness is likely to reduce the aerodynamic efficiency. variation of the natural frequencies with face sheet thickness keeping the overall plate .7 mm, which effectively decreases the ratio of the foam core thickness with increasing the ess. For the first bending mode (Mode l), the natural y is almost constant. A similar trend is edbited by the curve for the fourth mode. The second and third quencies actually decreased sharply by introducing a foam core between the two face sheets, then starts increasing slightly with a reduction in the face sheet thickness until they drop again when only the foam material is used. A similar trend is seen at a larger scale for the fifth mode. The observed trend can be explained as a competition between the effective stiffness of the system and the effective mass. A reduction in the face sheet thickness that reduces the mass of the plate is more pronounced than a reduction in its stiaess, since the latter is primarily proportional to E.
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Next, the first five natural Table 2 summarizes the natural fiequencies and blade weights for various blade constructions. For the solid blades, the natural frequencies of a 17-4 PH solid blade are almost identical to that for a Ti-6A1-4V solid blade while its weight is 72% higher. These similarities in the fkquencies are not surprising since the improvement in the stiffness of the 17-4 PH material to increase the frequency is eliminated by the increase in density given that the fiequency is proportional to the ratio of modulus to density. For the hollow blade constructions, a reduction in the 2: Natural frequencies for an experimental NASA fan blade and corresponding weight for various designs.
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American Institute of Aeronautics and Astromutics frequencies is obvious especially for the higher frequencies. For the first mode the reduction in frequency of the hollow construction to a solid construction is about 37% and 11% for the 0.73 mm thin-walled blade and 1.81 mm thicker-walled blade, respectively. For the torsional frequencies the reductions in frequencies are 63% and 61% for Mode 2 and 5, comparing the thin walled m) blade, to the solid blade. For the thicker walled blade, the reductions in the torsional frequencies are by about 30% and 25%. When the hollow blades are filled with 17-4 PH metal foam, the reductions in the ies are insignificant compared to those of the solid blade with the largest deviation being 1
Mode 4. The advantage of the foam core is observed by comparing the natural frequencies of Modes 2, 5 for the thin hollow walls as compared to the thin wall with the foam core. The observed improvement is than 130% €or these modes with a minimal increase in weight. The improvement is less pronounced, although still significant, for the thicker walled blade reaching a 30 increase for Modes 2 , 4 and 5. The smaller improvement is mainly due to the rigidity of the thicker face sheets in the hollow blade.
In summary, a solid fan blade design made out of 17-4 PH while having comparable vibrational characteristics to a soEd Ti-6Al-4V blade suffers from a high weight penalty. At the other extreme, hollow fan blades made out of 17-4 PH, while leading to a considerable weight reduction comparable or lower than solid titanium alloy fan blades, possess low vibrational frequency modes. In contrast, 1 7 4 PH sandwiched fan blades with a foam metal core result in a much better vibrational performance over the hollow fan blade designs with weights comparable to or lower than a solid Ti-6-4 fan blade (Table 2 ). In this case, the e natural frequencies for the sandwiched foam designs over that of the solid Ti-6Al-4V fan blade is appro Mode 4, but is typically less than 10%
for all the other modes for the range of skin thickness shown in Table 2 . This decrease in the natural frequency is the skin thickness is 0.7 mm.
V. Stress Analysis
Finite element analyses were performed in order to compare the displacements and stresses for various blade fan astic The constructions considered in this section Ti-6A1-4V and 17-4 PH blade, and 1.81 ns, all having the same outer blade Three loading conditions were assumed for The solid Ti-6A14V blade with its low modulus had the highest displacement m solid 1 7 4 PH had the small due to its high modulus, and sandwiched foam blades fell in the middle. The m higher for both pure rotation as well as a combination of rotation and pressure compared to the stresses in the solid Ti6Al-4V and 17-4 PH. The solid 17-4 PH was expected to result in the highest stress value due to its weight, but the actual calculated values were lower than for the hollow and sandwich fmm constructions. With the addition of the impact loading, the maximum displacement ed for the solid Ti-6A1-4V blade, under a combined rotation, the least for the 17-4 PH while that for the foam blade was the second lowest. Furthermore, the pressure and impact loading was also the largest for the Ti-6Al-4V 9 American Institute of Aeronautics and Astronautics sandwiched foam blade. The stresses for the hollow and solid 17-4 PH under the combined loading with impact were intermediate.
Although the maximum stresses for the sandwiched foam construction occurred in the face sheets for the vari load combinations, the lower stresses in the foam core can not be ignored. A carehl inspection of the re stresses in experimen meets the these observed stress risers.
latively high stresses, that are almost an order of magnitude higher than the e stress value, are observed mainly along the apex of the foam core as it g and trailing edges. A smooth radius in these areas is expected to reduce
VI. Conclusion
A study was conducted to provide an assessment on the 17-4PH stainless steel foam sandwiched fan blade design over currently used solid titanium alloy blades. An optimum design criterion for the 17-4 PH stainless steel core foam sandwich construction was determined for better flexural rigidity over a solid titanium blade while substantially reducing weight. The vibration analysis results showed that significant weighthost savings can be achieved with acceptable natural frequencies over a solid fitanium alloy blade. The stress analysis revealed that the stresses developed along the face sheets for a sandwich construction are higher than the solid blade under stress conditions resulting from rotation and applied pressure. However, under a combined impact, rotation, and pressure stress in the outer fiber (face sheets) compared to all the other blade constructions. The maximum displacement of the foam core blade was also 1 than the solid Ti-6A1-4V blade, clearly demonstrating the advantages of the metal foam construction. In conclusion, a sandwich blade construction of a fan blade with metal foam core built from a common aerospace grade 174PH stainless steel is ar levels of performance criteria while being substantially cheaper for eller blades development.
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